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This device naturaliy introduces some lag at the (-mil.rolled tempera­
ture, but nevertheless ensures positive make and break.

Whilst not actually of the contact typo, j; Cambridge instrument 
must he included in this chapter liecause il employs the movement 
of the pointer of a galvanometer to perform a somewhat similar 
operation. The manufacture of this instrument is now discontinued, 
but a description is. nevertheless. Included because of its intrinsic 
interest as a method which has been found serviceable* and them 
arc instruments of this typo still in use.

The galvanometer movement- is illustrated in the diagram, l^'g. JPJ. 
The 7>ointej- jV, attached to the pivoted moving coil (7, carries at its
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extrem ity a differential thermocouple T u T t , which is connected 
electrically to a moving-coil relay. A small electric ally-heated coil 
or “ h e a t e r f f i is mounted on tlic Movable arm 15, which is set, by 
means of a handle, to the point on the scale at which i t  is desired to 
control the temperature, an index ! being provided to indicate the 
setting. When the required temperature is nearly readied, the 
thermocouple 1\ arrives opposite the heater, and an electromotive 
force is set up which tends for the moment to throw the relay anil 
away from the contact which it will eventually close. As the tem­
perature in the furnace (or other healed body being controlled) still 
increases, the pointer N  continues to move along the scale until the
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second thermocouple is opposite the heater, The e l#  tro motive 
foTOo then generated actuates the relay, ftoeing an electrical circuit 
■which operates a m khanism  control ling the supply of heat. Owing 
to the mass of the furnace, the temperature will probably continue 
to rise, even though the lieat supply is induced, and the pointer will 
continue to move up the scale until it  meets a stop (not shown in 
ihe diagram), where it remains until the temperature falls. Ah the 
furnace cools, the pointer N  moves down the seats, and when the 
thermocouple T , comes in front of the heater the electromotive force 
again generated causes the relay to break contact (in ease, by any 
mischance* the contact is sticking), and the supply of heat is thus 
increased. The pointer iV is fitted with an index, so that its position 
can he seen on the scale ; but it will be appreciated that if the 
temperature exceeds the required value the pointer will not indicate 
it, owing to  the stop. A mirror is usually fitted behind the scale 
to avoid parallax errors. The heater can he sot, and the regulator 
arranged to control the temperature, a t any point between the upper 
and lower limits of the scale ; or the regulator can be fitted with a 
time-temperature device, as described later. To prevent the regulator 
failing to function owing to au interruption in the supply of current 
to the heater, a safety device is provided, whereby the supply of heat 
to the process being controlled is shut off automatically if the heater 
circuit should he broken. Alternative I tills device can be adapted 
to Sound an alarm boll or to operate a light or other signal.

The energy consumed by the heater circuit is approximately two 
watts, and the instrument can he operated from a D.C, or A. CL supply 
by connecting a suitable resistance or a transformer in the circuit. 
If an electrical supply mains is not available, the instrument can be 
operated from a, 4-volt accumulator. The regulator can he used in 
conjunction with a resistance thermometer, thermocouple or radiation 
pyrometer ; the type of element selected depending upon the applica­
tion for which the outfit is required. When used in conjunction with 
an electrical -resistance thermo meter, the scale of the regulator is 
calibrated to cover only a few degrees above and below the critical 
temperature, thus securing a very open scale.

"C hopp er-B ar’ ' Type. -In this system an auxiliary mechanism 
closes the contacts. rl wo pairs ol contacts may be mounted on one 
table which can be set a t any point along the scale, or each pair may 
be mounted separately and adjusted independently (see jfig. CO). 
At definite intervals a if chopper bar/’ actuated by clockwork, e l e c t r i c  

motor, or an electro-magnet, depresses the torn perat are-indicating 
pointer and, depending on the position of the pointer, closes either 
the Li high or “ low ” contacts. In addition to temperature 
indication on the scale and, if desired, also on a cliart, a visual 
indicator in the form of rod, green and white lights can he arranged 
to show when the upper, lower, or predetermined temperature has

1
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Ijcpjj readied* 'I'he: h’ eh#pper-bar " type pease^es; the advantage of 
permitting free movement of the pointer, except nt the short intervals

S -Mvatfun'nfj EU-rncnC.
C 'Poin/er. '
I )  - C l t i t p p C T ' J i O J l  

P  - M i n i m u m ,  C o i U r t P L .  

y McttCmtUtoGonitacb.
> G- ThOd CtmlCCCV■TKOJWJLHJUKO-

t-n:. (10. Sclitiaatii’ diagrutn u[ tlupjjor-]mr tsmjMralujtt^guktnr.
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[ Easier 1 ws.irtmu'nl
I'm. *>].- Opetfctf ng diagram of :l Fkxjp'^h lh controller.
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of contact. The instrument r̂ a 11 he designed so that the tdmjjeraturee 
at two points may be trolled h y  a switching mechanism which 
connects two therm ocouplpH alien lately to the control instrument* 
The instrument is fitted in this ease with two contact devices, 
another possibility is th at two furnaces can be maintained at the- 
flame temperature by a similar switching arrangement with the 
assistance of two relays, one for each furnace.

PrtTt:̂  ]' 5Ptf

l''m. lii. Kh'-iil m Mtttcra tTĴ tilator.
[ t i l l f c lra .la  riTT, L t d ,
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Instead of using contact tahlca, a  mechanical movement may be 
used at this point of the instrument, as in the liTexipush ” arrange­
ment of the Foster Instrum ent Go. illustrated in Fig. Gl, The 
downward movement of the chopper- or presses-bar de]>re$soa one 
or other of two tables, depending on the temperature. These tables 
are linked, by Bowden Ilexibln cables, to the msjieotivo ends of the 
pivoted support of a mercury switch.

The instrument made by Electro Meters, L td ., employs a some­
what different arrangement (illustrated in Fig. 02) of the anxi&py

TO ̂  Ilf
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mechanism to fcranshvfctj the umyfcnienbi of the pointer into a means 
of eoniroh The hitler (I) is set to the temperature a t which it is 
desired to uuurt$ahi the furnace.. The pyrometer consists oi a mi Ilk 
Voltmeter with a magnet system (2) and indicating p o in ty  (31 A 
shaft driven through worm gearing from the motor on the hack of 
the indicator rotates a earn ( t) which, through t]$j! bell-crank lever (5 l 
chaises a control arm (6) tu be raised ami depressed periodically. 
This cam also acts as a sw itch-lifting crank, imparting a reciprocating 
mot.km to the connecting-rod. (7) and pin (8), This pin traverses one 
of two paths in the slot (0), determined by the; extreme angular 
position of tlm selector arm (10), and throws the Switch if $ a iP1 or 
; O ff"

Suppose the fvmiace cold and ready to be started-up. The 
indicating pointer (3) will he below the index (l). The control arm (fi), 
on its downward stroke, will be Iroe to Fall behind i lie scale plate (11), 
lifting the bell-uranic lever (fj) and, through the roller (12). raising the 
selector arm (10). The pin (k) thus traverse# the Idyver path in the 
slot (0), catches i he trigger (13), and lifts the mercury switch (14) 
to the On :f p o t io n . The switch itself is held In position by a 
pawl (15), closing the circuit. This switch can  bn arranged in series 
with a circuit-breaker, mot or "Controlled valves, dampers, or similar 
gear, and maintains a supply ot' hear, to the furnace until the indicating 
pointer (3) rises ju st beyond the control index (J). The downward 
motion of the control arm (<i) is now 1 n torcepted by the indicating 
pointer (3), with the result that the selector arm (in) in allowed to 
fall back, causing the pin (S) to follow the upper p atg  in the slqt (D). 
The pin catches the pawl (15) and, releasing the trigger [ J3 )f throws 
the Switch L‘ Off,” The circuit in broken and the supply of heat to 
I ho furnace is interrupted until the pointer again falls below the 
control index, when the cycle of operations is repeated,

Uemulators of the contact type with galvanometer indicators can 
be arranged tb  control rates of heating or cooling. This can be done 
by suitable movement of the contacts by i Mechanical jnean$.

An alternative method is to leave the control contacts stationary 
and introduce an additional electro motive force into the thermo­
couple circuit.

The advantage of the latter method ie th a t it may be added to 
any existing automatic-coni rol inyfallal ion ; but its disadvantage is 
th a t the leadings of the control pyrometer are falsified. Art index 
could, however, be arranged to indicate the amount of additional 
e .m i.
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CHAPTER X U F

PQTENTIQ METRIC REGULATORS.

Potemttomktmr regulators are closely a Hied to the indicator or 
recorder contact typos of regulators, Instead of a simple galvano- 
mct-pf to measure the c.m.f. developed l>y the thermocouple, the e.iti.f, 
is balanced by means of a potentiomcter circuit, a galvanometer 
indicating any momentary out-oMtaUuce voltage.
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1 ru. L X — ttmnrntfone <if fitotlkdale Lbumitistat.

A number of forms of pofohtiometrjc regulators are available.
I’hcse pistitumoiitfl are robust and accurate and ane used bol.lt in  the 
laboratory and industrially, I'hey m ay be used in conjunction with 
a thermocouple, resistance thermometer, or certain radiation pyro- 
melers. Normally they arc arranged to work upon the po Umtdj&i lie trie 
itinciptc, but when used with dlectriuahresistaneo thermometers they 
jue oonnecttd in some form of Wheatafcone bridge.

Before dealing with the industrial forms of instrument, a laboratory 
type will J&st he referred to.

StockdfU&s design of instrument. is shown diagi amm;d ical! v in 
I'jg, ii.i, J.he (■horniocfmj>In is balanced by a potentiometer circuit,
D being the cell, A the Slide wire, !l n fixed roarstane^ ami G the 
galvanometer to indicate balance oiL mrkoF-balanec conditions, The 
interesting feature of the instrument is the control of tempera; ure 
by tlx* galvanometer contact. The coil of the galvanometer (f curries

" 3  8 M l  " I I I
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L'^c. f r i .— L e e d s  und N n tt l t r u p  |mjLi ji i h4 ih:^ t  h a r d e r  bunLrtjJlur inrfgliuaI

Tins wheel I] is made to have a eont of lî  dcgi'ce^ and is driven by 
clockwork fit a Speed of one revolution per minute to make the action 
mote lively. The prongs am placed so close that the slightest move­
ment makes contact. Each prong normally tout:hew the contact 
wheel for 30 seconds, and therefore flic high and low currents are 
on for the same time when the temperature is correct.

I he relay is sometimes troublesome because perfect contact between 
the wheel and prong* is difficult to obtain, and consequent] 
current actuating the magnets is intermittent. Adjustment 1

1 2 0

a  double boom l-he two parts of which ate mSulated from each 
other. The ends of the boom are of platinum and are so bent as to 
l ie closely on either side of a  plat ini m i -rimmed wheel \V. i f the boom 
moves, one or other of the prongs* will touch the wheel, dosing it 
4-volt circuit and actuating a double relay JL  Two resistances hi 
parallel are arranged in .series with the furnace, and the relay is in 
series with one of these resistances : when this i os is I.a nee is taken 
out of the circuit by the relay the current to the furnace is decreased.
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be made so that the slightest impulse sends the arm either one way 
or the other. I f  the arm moves too LYody, however, it will rebound 
oiT the wheel. This difficulty may bo largely overcome by increasing 
the moment of inertia of the arm, but a- better method, involving a 
little more complication, would hr to use a  triodc-valvtt relay, and bo 
decrease the contact and Ctunrent necessary to actuale the circuit. 

Industrial Po tenth) me trie Controllers— AVe turn now tu the 
industrial type of potentiometer regulators. An im p^t&nt feature 
of these is the method of mechanically balancing the circuit. As an 
example o:L' the principles ot l.lic method eii^pyed, the original design 
of the Leads and Xm tbriip instrument (Fig, 64} will be described.

FO TF/N-TIO M  lil'I'R IC B EG  CJF, A 'rO ttS  115

liie action is ay follows ’ Ihe disc A  (Fig. 65) is mounted on a 
shaft and operates the slide-wire contact, by a cord wound bn a 
circumference visible in tbo figure. The power is supplied by a small, 
cuminuoufJy-riLiming motor and filters the mechanical system through 
the shaft B  carrying the large cams 0  and the small cams D and E  
jp  huing behind (/ in the din,gram). At cadi revolution of the shaft B, 
the cams C  straighten out the arm F t which perchance has been 
tilted a moment before, and in doing this will rotate the disc A , 
arm F  being pressed at this time against the disc A  by the spring </.
The arm F  engages in serrations on A which prevent’ slipping. Tito
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arai F  is pivoted on the spring G, which is fast to the frame of the 
instrument, When the cam# 0  have rotated until their longest radii 
are passing the extension of the aim  F .  the cam E  begins to raise £?, 
lifting F  away from the disc. W henF  is free, the cam i> rahes through 
K  the Tocher arm I I , which, in case the galvanometer unbalanced, 
eathhes the pointer under one of the invok'd right-angle level's J .  
One lever is thus made to suing the arm F  by pressing against one of 
the concord deal I y situated lugs L , The 'rocker arm // is then 
immediately lowered to allow tin; galvanometer to fcuiiig freely. 
(Jam F  is so shaped, find fixed on the shall' JJ that it  will recede from 
the spring G\ allowing G  to press F  against the disc just beforfe the 
cants 0  begin once tuore to straighten F t

The disc A moves the Contact Oil the slide-wire1. The shaft H 
rotates once in about 2 seconds, which ie slow enough to allow the 
galvanometer time to come to rest, or nearly so. The design is such 
that the amount of rotation of the arm F  increases with the extent 
of the gal vs no meter deflection, since the pointer approaches the 
fulcrum of the levers J  as the deflection increases. The motion, of H  
is adjusted so t-hat the rotation of F  will correspond to a rebalancing 
step of the pen of i,1 in, (H) mm,), when the defied ion ia a maximum, 
decreasing uniformly to about .'H) in. wlicu the deflection is just 
sufficient to catch the boom urider otic of the right-angle levers. This 
gives sufficient rapidity of the various actions to take the pen the 
width Of the scale in somewhat less than one minute The position 
ot the pen. when a  Ĵ ah-Lti.ce has been obtained jitist before eacjt record, 
corresponds to a definite point on the slide-wire, for the pen is 
fixed to the slide-win? contact. Periodically the thermocouple is 
disc ounce Led and the standard cell connection auto radically made. 
At the Same time the potentiometer slide-wire is set free from its 
shaft and the clutch engages; a second resistance. Movements of tho 
disc then result in changing the resistance of the battery circuit, 
and the current is thus set. to its  proper value. The pen doefc not 
follow this adjustment and no record is made of variations in the 
current. A shmt-circiiiling contact Oil the elide-wire carries the 
pen to 2CIO on tins chart when. I lie battery is run down, thus providing 
ample warning in most circmnstances.

In  most of the reccqt designs of potentiometer recorders the 
:i follow ■-up mechanism to move the slide-wire contact is of the
scissors pattern* The galvanometer needle is clamped, by a cam- 
op crated bar, and whilst bold in Lliis position a scissifT m ediaJiism 
doses on It. A clutch is engaged and. being linked with the scissors, 
rotates the main spindle by an amount proportionate to the deviation 
picked up by the scissors from the galvanometer needle (see Fig. 66).

Temperature-Control in Potcntioinetric Regulators.— The control 
mechanism used in conjunction with the potentiometer types 
have been described consists, in general, of a mechanism at

n
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tp 1liti riiimt' shaft us 1 [to diwc, and in siteli n way that when it rotates* 
contacts are operated, Cum and disc mechanisms a no 1 he two 
alternatives* and Lite choice' biffc'weuri these depends upon the nature 
ol the process to be eon trolled, control i.smnvf how ever,
liuir Used, i\n with the gradual slope of the earn it is not possible to 
pruiiiit'n the necessary rapid make and break of rite contacts, the 
gradual movement resulting in a hesitant make-and-break action.

V O TB ir  I' I OM E T R io  KEG V  L A T DRS J J 7

JJi'»-l‘ (■rnijJOrsLLICC! (ll I ................ .. L-
p n im tn u t, U iu td 'u rL i i - i.-, n ;il:i in '."!
Mltf [-Ijin tfr ;J i:WiLn;. I ■ i k111 r i r i- n w  

LLril-ljl 1Tt]li>t -ULlI rL’t'li.'Pd

T u r iliH - i/ f t lu ie  i t  n ljill i-u ikstiliit.. e iK ]b|o iL
t‘lAlll]l trilllKHt w in ter. |.| I .-FI
closed l>u it  -Liiii ftrtiiLd it  mi bsl.iec^l
[Hihll.trm. Ultlrli iLSlii 11 i:nr>', 1.|-IM]HT-jLliJnj c-i-■ -i>riI oijiifttnnt.

'I'- -1111 :■ -i ji 1 u ri- (tfm uhsnui'.i. ('Intnja
■j*i|i.i 1 1linin' mill feelers it-isi- nn tt 
n| tlOtMlll(|tml pcilllnni i Mil rh Lirm e  
imu-Ui] 1H [MHlIiim. t;|!|irt fliir, ||rul e m u  
lliDV-e (lilctviiva iiiilI  i '1'h. Ijj ji nw |»v j1 Ii i i i ,

I’jn. fir.— lji-i'du ;t.iji( jVihrlli ni[i -l SI i-ei-ciii.-L s ' iiriA i^eiiii'tit: details oF hrJflirtiug iR vU-lv

Disr.'Operated MecJumixtn. -W ith the dirte-opciul ed type of 
mechanism (Kiy. 07) the innei and outer radial sn] faces; of a flange 
ave used to hold the contact open, or closed. fi Raise ” and rL hew er” 
contacts are opera let I by separate discs, and contact i« 
broken with a L_ snap ’ action, according to the direction of

1 2 3
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of the main slide-wire spindle. Either two- or three-position control 
is possible, The two-position control {Fig. 6-7) is of the “ on. and 
o f f73 type, and in this form the valve or contactor is either in the 
fully open or shut position. An adjustable by-pass is usually provided 
with this type of control on fuel bred furnaces. Two-position control 
is suitable for furnaces with constant loading conditions,

]'Va (J7.—Krill rr̂ miliLliir : ÔiiLkwitfi nn-fl fni1 tfrii,jVttiititm d
C(»ilt-TWk

In  thi'BO-]Kj ît-ian control: add ilio.mil non taut* are provided oil 
the instrument and on the motorised valve. Normally the control 
operates between the in termed fate switch cm. ft. however, changes 
in loading cause a large rise or lid! in temperature, the corresponding 
outer contact is made am! the valve is moved to a greater extent 
in the closing or opening direction, Thigji form of etmfcrol in particularly 
suited for furnaces requiring a rapid heat-up followed by a “ soaking 
period. 4 r/vK!\A\(gssx

m i -
1 2 4
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Gtvmbrid(j4 Non-recorder Controller: h i this (see  F ig , (iS), the circuit 
is controlled by a- inercuiy- in -glass tilling switch. A si [naltvr arrange­
ment of control mechanism is need to that ot Use original Leeds and

6tt:
I-'Hj. iiN .—  | in l i i : i in n r -1 i: t '  co n l-fl^H w .

Northrnp design, with certain inoditinations. The galvanometer
pointer swings horizontally below two bell-crank levers and above 
a clamping jaw or chopper bar, which is periodically raised, thus!

iil(i< =x iiil
1 2 5
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clamping the pointer against one or other of the Us vers. Hinged to 
the clamping jaw is u long tall-rod pressing through a guide hole.

of one of the boll-crunk levers, if the galvanometer needle is not at 
sawn in flit1 centre. When the clamping bur and tail-red drop, the 
bottom end of rlic tail red p ill t ilt  :i mercury a witch in <>no direction 
or tlie other, depending mi the way in which litr rpd has been deflected 
jireviously.

however, a two-way tube with a common centre contact may be 
liHcd, which will elose one circuit when the temperature is too low, 
ami close another circuit when il is too high, bulb 'Circuits being open 
when the temperature is correct.

control!or. 'The action can bo described briefly :ik follows. The 
fetthttorg action, already described, rotates a disc which has cam -shaped 
slots cut in if. Depending on the position of the disc, and therefore 
of the slots, a mercury switch will be tilted one way nr the other, 
The pivoted holder of the switch has two small vertical projection^

a plain or slotted portion of the disc ;ls il descends after the balancing 
action.

Rate of Deviation*—In some controllers, account ia taken not oulv 
of the actual deviation from the required temperature, but also the 
rate of deviation. A relatively largo adjustment is made when the 
deviation and rate of deviation arc of 1 lie same sign, a very much 
reduced adjustment-, no adjustment at all, or even an adjustment in

deviation am ot opposite signs, as they Are when the temperature is 
millrhirig to 1 he required value after a deviation.

The instrument designed with this purpose in view by Hodgson 
and made by Messrs. George K ent is illustrated in Figs. Gti-71, A 
therm ocouple is connected to a moving-coil galvanometer in 1 he

plan iii Fig. 69. Tht-r galvanometer needle, not shown in the figure, 
is situated between the top of a drum and a. meta.J disc extending 
slightly beyond them, and is firmly clumped lie l ween those parts 
each time the mechanism operates. The normal position of the

by the mechanism fio that their lower ends close together on i>* 1 
end of the galvanometer needle, which is by then clumped,

1 2 6
ULTIMHEAT •­

UNIVERSITY MUSEUM



F O T E  MTI |.IM 11T lll£ j It IH] U LA TOR'S 1 2 1

foiy deflection hi is taken pl;j.yto while the needle wo,̂  free, the drum 
will be rotated by the pressure exerted on the end of i Ue gal variometer 
needle. Attached (0 the drum aiid^totatingAvith il is a potentiometer 
slido vvj"j <' . which against a fixed contact. the motion ||irodiicpd
aa already explained | continuing ill stops, until the balance has been 
restored, when the gu-lvanometdjf needle will remain in the central 
position, The tola I movement of the drum is, therefore, propoii ional 
to the ofiange in tejnjwrature. The ilnim is n.Eso fitted with a earn 
ot the form shown in Fig. (ill. and a roller :mii bearing on this can- 
controls the opening and e losing of two contacts which, in ttudi, 
control the flow til' current to Uvo solenoids, The lattet open of

a throttle valve in the fuel supply pipe to the plant, by mechanism 
which, will bo referred to inler. The position rrf the valve Sis Urns 
dependent op the tempera-1, mo-deviation from the normal,

rf.he same solenoids ate also controlled by Uvo other contacts, 
(.lit.1 opening and dosing of which is dependent on the rate a t which 
a tern j je rature - d o viat i o n takes place. These contacts arc carried on 
rbe ends of the belt crank fevers which do.se on to the end of the 
galvanometer needle, as aiready explained (Fig. bSJ}. Jt  will be 
evident that winch of these coni acts is closed will depend upon the 
direction in which (.he galvanometer needle has been deflected, 
he. upon whether the temperature is rising or falling ; and the length 
of time for which either of the contacts is closed will depend unon

1 2 7
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the extent of the deflection* i.e. upon whether the change m either 
direction is taking place:rapidly or slowly, ft may here be mentioned 
that although Lhe electrical circuits are made by the contacts referred

r.i'i — — - -*i

|w >■ Pi i: r —

"KHC|jn:j- HJNi-

I ’ K:. 7 k- i ' l i tu  o f  K fcut cwit.roltaL- iiJki] Pficordtfr, s to w in g  th o  1 wu suLi-in>i<l* :l-[iU 
coiifiootiorB with cfoiilroi

tOj they are broker by mercury switches, £0 that damage to the
contacts by sparking is avoided,

One of the two solenoids is shown on the left in Fig. 70 and l)oth 
can be seen in Fig. 71. As will be clear from the former, the plunger

1 2 8
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ol each solenoid is connected to a pivoted frame in which is mounted 
a spindle, lilted with a worm wheel near £tw upper end. When one 
oi the solenoids is energised, ifea frame is pulled over bo that the 
worm wheel engages with a worm on a horizontal shaft; which is 
-driven continuously at a high speed by & small electric motor. The 
engagement takes plate positively ami distant anon li sly without any 
shod;. \\ ln'ii one or other oT the worm wheels is engaged, the control 
vatve is opened or closed by a train of gears, crank arms and links, 
as will be clear from Figs. to 71. A differential gear is  included, 
so that il both norm wheels arc engaged simultaneously, no movement- 
of the valve takes pla.ee; and yirovisiou is made for 1 lie controls to 
be inoperative when the valve is opened to a predetermined extent 
and when it is fully shut. Push-button control which overrides the 
automatic control, is also provided.

To minimise ;i bunting.” the Dense! 31 ator of the Fox bom* flompam 
imparts into the thermocouple circuit an additional electromotive 
Woe (in either the positive or negative direction us may be required), 
so as to del lee t the galvanometer <pf the control pyrometer slightly 
beyond the position it would register in relation I n  the actual thermo­
couple temperature a I the moment. The temperature .indication :k 
therefore distorted at the moments when, the anticipating action is 
taking place. The anticipatory action is ad just able, that is, the 
temperature below nt above t he desired control temperature a.f which 
the heal input is decregfcied or increased, respectively, can E>e ehnscrv

Reference l.o Chapter XIIL
StocEsdu-k', .f, / w e 1 SlM, 5, H03,
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T E M P E R A T U R E - C O N T R O L  U S IN G  R A D IA N T  E N E R G Y .

fourth power of the absolute teisipontiiure. If only 13m radiation

found in vary (i|ipvostrliately as the fifbfeeuth power of i he fcDmjHHttture 
(for tem p eratu re  in the neighboimhoad of I5 0 0 J fiYuui the

will be readily appreciated that this form of energy should pro vide 
a very useful and comparatively ace urate means of control at 
temperatures above 1100 C.

rotal-racliatioii pyrometers of the type whj&h develop an eleeiro- 
inative force on exposure bo the radiations from a heated body eato 
he used with many of the types of reg u la to r  described in othey 
eliapt^s. In fact, they m ay he used with most forrjis of regulator 
with which a thermocouple pyrometer may he used, providing the 
temperature exceeds Ii00ft C. Attention will not, therefore, he devoted 
here to this type. In it consideration will he given to another form 
of rail in hi on-sensitive element.

I t  is well know n that d the  Jighi fro th  an incandescent hody is

which is proportional to the intensity of the light falling upon the 
cell. As the tenijnsrature of the body changes, its brightness also 
changes, so lhal if the photoelectric cell cum uli is amplifiedj it can 
be used t.o d e r a te  suitable control devices, An imago of a definite

diaphragm placed in front of the photoelectric cell, and only the; 
centre portion of the image is allowed to pass through on to I lie cell.

feet'- or more from the lurnacc.
The current from i he photoelect ric cell mm be used for control 

[imposes through the medium of deliesile .relay systegns, bid ,i mmr

In the apparatus uf?ed by Koller 1 the current passes through

impressed between the grid and filament of the hot-cathode in k

allowed to fall on a photoelectric cell, a current will be developed

-,ii.ti.-,l:aetniv method is to use a " hot-cathode 11 tube relav (ll Lliyrat run 
tube ")-

123
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(wee Tig. 72). Aw soon as this voltage; drrt|> exceeds any predetermined 
value (that is, as wbot.i as the temperature exceeds & prothtermined 
value)* the hot-cathode tube operates and. the supply of heat to the 
furnace I a cut off. The furnace theit cools down, the photoelectric 
col I current decreases, and the hot-cathode ret.-i._y breaks the circuit. 
The cycle is then re la te d .

TM  control mechanism may be varied to suit- the individual 
needs.

To keep the teTTi$$mture below a certain maxi muni, only one 
hot cathode tube is required,, but- by using two tubes both an upper 
ami lover limit nuiy bn set.

T J j i J i r K j J A T U  K I? ( . l O M ' U O L  TJ0TirO H A D l . H ' T  E N E H S  i’ 1 2 5

F]u. 7Y.— pliutoeioctriw iurnaca cojiL-l-hj| <:irt.niJ,
Amplifier ■c.U-inalt ehsvrn nbovfl-- B.C rnslsLMtiw-cmjjiJoiS tyjiur making um: <jf ft plrulrqn, nccilifli’r

uilLL b u ilt Lj .Lii tli jvijflpllHtfi LU’. VchLfcn-irC qm umiiUilnr Eul >u in-Lint-aLtii-il :-■ ■ nh(:tn I t t  voEU Ly ;l
oi'fil.nv Lutn-w wLllij]! ; b.iorb lluirhiatiunfi ill ttio HUl'Pty line.

Th<jjj |UivantageB of plnrtoeleet:rit}-<;4g|l control are that [he method 
can be applied Let high temperatures and in a-Unospliere  ̂ Which are 
deleterious to (-ben no couples or resistance thermo meters. It ca.u be 
used to contrail the temperature of a part of the funnies or of I lie 
charge itself.

I t  will he realized that the possible errors character is ti£ of radiation 
pyrometers due to ho ri-black-body conditions, afe&orptron of radiation 
by gases interposed between l!ic instrument and hot object, otc., 
must be guarded against.

1 3 1
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C H A P T E R  X V

ELECTRICAL-INDUCTION REGULATORS.

Tw w c tio h  regulators can lie arranged to  maintai n either a constant 
current or a constant energy supply to the furnace

Iri principle the Induction Regulator is a Lran&forjruii’ built, on

that, although normally stationary whilst weddiig, the relative 
positions cl' the secondary and primary windings can be altered by

and since the method of adjustment, namely, burning the rotor, is 
perfectly smooth and Cunthmous, the regulator has a. regulation 
equivalent to that of a trau-dormer haying an infinite number of

may be mounted on either the stator or the rotor, de'pending on the 
output and. "voltage, the secondary being mounted oil lhr opposite 
part. As the feeder voltage rises or falls beyond set lim its, the voltage­
regulating relay blokes cent at: ts which energize one or other of a

a motor and cause it  to  drive the rotor spindle of the regulator through 
spur and worm gen?-, which raises or lowers the feeder voltage as may 
he required. Directly normal voltage is restored, the action of the 
voltage-regulating relay causes the motor to stop. In some circum­
stances, induction time-delay relays are used to energize the motor- 
control contactors after a suitable time-interval, in order to avoid 
response of the induction regulator gear to variations 111 flic voltage 
th a t are merely momentary.

These regulators ure suitable for industrial resistance furnaces 
and for furnaces of the submerged are type where Hie electrodes are 
Stationary,

F i x e d ! nduciion Furnace,*. -An ingenious stationary or fixed form 
of automatically regulated induction furnace has been described by 
Perrin, and Sorrel,1 This furnace is suitable for use only whore the 
number of heat-treal.mg temperatures required is Limited, a s  it is 
necessary to use a separate furnace for each temperature. This 
not inconvenient in cases where large quantities of steel articles have
to be heat-treated at the same temperature.

l f f l
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type of then nos bat is that no pyrometer h  needed. The principle 
of the furnace is very simple. A muffle or tube A  (Pig. 7 3 ), made of 
a metal selected according to the temperature required, is surrounded 
by a non-magnetic conducting materia) B. The latter is made the 
secondary of a transformer fed by alternating current from Liu- power 
mauls. The current generated in the secondary depends, inter alia , 
oil the specific induction of the furnace tube. This current heats up 
the secondary, and therefore the tube, until the latter reaches the 
temperature at which it loses its magnetism, when its specific induction 
falls, and therefore the coupling between the primary and secondary 
of the transformer also falls rapidly, and less heat is generated in the 
secondary. So long n.s the total 
heat generated in the secondary 
-  -when the tube is non-magnetic 
— is insufficient to keep the 
furnace temperature above the 
magnetic change-point, the tube 
will not rise above iliis temper­
ature.

I t  ik necessary to make the 
furnace tube of a  material s 
which has a quickly reversible 
change of magnetic property 
at the working temperature.
Materials that have boon list'd 
are the alloys of cobalt, such 
as ferro-cobalt which, when 
suitably selected, can be used 
for temperatures of from 760° 
to 1100° C, Below 730* a ,  
ferro-nieke] and ierro-nickel- 
cobalt may be used. The 
secondary can be made of nickel for temperatures above 350° (}., 
whilst nickel-chrome, copper, aluminium or its alloys can Ik; used for 
other suitable temperatures.

Naturally the closeness of control will not be so accurate as with 
s o u k : other forms of regulators, but the absence of auxiliary mechanism 
is a groat advantage* ! lie closeness of control will be governed to 
.some e.vtcut by the efficiency of thermal insulation, and the size of 
the furnace*

JCIj MCTKICAL-TNY) UC T I O N  UnATOItp;  J 2 7

Flfl. Irnlitf rio]i furnace juLkunaliu
trmperbiLmti- crju tro].
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C H & P T E K  X V I

LOW-TEMPER AID HE CONTROL,

some bf which nm automatic in action. They are ns follows: —
(1) Those employing hoi ling liquids. This type Wit# largely 

developed by Unites at. Leiden. CVmtrol to i  O'tH11 for periods of 
an Inhiv or so phn be effected by regulation of the pressure an a 
liquefied gas. Any ol the following gases are suitable :— methyl 
chloride, nitrous oxide, ethylene, met hanc., oxygen, nitrogen, hydrogen 
and helium. This method is somewhat expensive,"

(2) Those in v o lv in g  addition oi liquid air to I lie cryostat bath 
by hand.

(3| Those i11 which the (low of heat into a largo inrtal block is 
regulated, the lower end of the block being intermittently dipped 
into liquid air. This method is satisfactory if care is taken to place 
the thermometer and experimental appamiun at identical heat- 
grad huts.

(4} Those iti which the flow of heat into the eryostrd is regulated 
by moans of a- j furtially-eracun ted 1 Jo war 1la.sk, which is inside a larger 
surrounding Dewar Hash containing Liquid air. This type of cryostat 
may he made automatic.

(i>) 'the automatic cryostat proper.
fn this chapter, consideration will be devoted i:<> i be au luma Lie 

type only.
Principles of {Low-Temperature Control. —Automatic low- 

r cm pc rain re control involves tile use of a means of producing low 
temperature, a suitable liquid as a bath fluid., ami a idlerniostal, The 
tlinr.inosl.Mis employed herd are the same in principle as those in use 
for (empcm turns above aero, and bare boon described in earlier 
ehapicrs. No detailed description t3 therefore necessary except where 
a special feature is involved, Brief reference only will be made to 
the men.ns of producing low temperatures and the bath liquids used, 
as these do not pro]^rly come within the scope of this book. 
References, however, will bo found at lire end ol the chapter to some 
of the more important published works on the subject. The list 
not intended to bo exhaustive.
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A simple mtethod of low temperature eoj&tro] is to mnm£||e the 
olijnets to life treated in :j, cooled bath of some liquid whose physicaj 
properties, such its fluidity, boiling-jpint and freezing-poSit} arc suited 
to the working temperature. EeguInti on can then be ef 1'octed in
one of two w ay a : either ( J ) by controlling the .flow of the ref ri gem nt, 
or (S) by sel ling the flow of the refrigerant for a slight excess cooling, 
and arranging a thermo-regulator of sonic- form to control feleetridal 
heating in order to compensate automatically fa r this excess cooling. 
Thu latter method is part ion lady suitable on account o f  the case of 
control of electrical heating.

Baths.— Fairly complete Hsta nf bath liquids sultable for use 
in the low-temperature range are given in the publication:; of the 
Leiden Cryogenic Laboratory, and in. the Bureau of Standards paper 
a-0 ; hut the foil owing liquids may be cited as being in common nfefe :—

TfimptoiMirc-iii-N̂  (■’ r.)
] Irinas . . .  .,. * f -i T - ! ... - 40 la f m
I3jlitl[1ml i■ j 1 .., ... ■ * . . . i. ** L 7f>
iH rslunn riluN- ... r ■ i (1J ... —130 w -1- 40
AreUjiv) ... . . . t r n ■ B ■ . . .  -  *M i j — M
EUByl L^btilial ... ... —U4 1 J -  73
Toluol .............. + v n FBI ... iii> — J10
laopentflne ... t.a _ , . . .  IflO ba +  38
IVoJIAtu' . , ,  , , . ... —111(1 J5 - 46
Pmpyifiit: . . .  , , , B. * ... — ]f)U 43

1 3 5

Aji objection to the use of brine is its corrosive action on metal 
containers. E th yl alcohol becomes very viscous before it freezes.
Propane has to be kept nt a temperatu re below' — 40* C.. or stored 
under pressure.

Cooling,— Thfe expansion thou gh valves and cooling mils of 
amiponifg carbon dioxide or other suitable substances, may be used 
1q cool the lipoid. Solid carbon dioxide may also be used ;ls m pooling 
medium. A carbon dioxide slush bath, consisting of solid earl H ill 
dioxide with a suitable liquid such as petrol, alcohol or ether, affords 
a means of attaining toni'pcra-tut'es down to about - 7S-J5" C. at 
at inns p h eric pressure,

P of1 |einptiratur&s as Low as — ISO" tb, eom.jpesscd air may be used 
as a refrigerant. Liquid air may be utilized by employing either the 
liquid, or superheated or saturated vapour as a bath, or again bv 
using the vapour or liquid to provide; cooling for a thermostat bath.
The liquid air should be aged, that is, allowed to remain in the 
container for about 2 days, since the frfebhiy-made liquid tends to give 
unexpected fluctuations in the temperature of the bath. Due to 
progressive cor coni.ration of oxygen in liquid air residues, extreme 
core should be takfen to prevent the mixing of these residues with 
any inflammable substance* Electric motors should be so placed 
as nol to provide a source of ignition for1 inflammable vapours. Tfj

[) filflil L
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liquid air is used for cooling, the bath liquid can previously be well 
cooled with a freezing mixture of ice and Salt in order to save coii- 
gnmptiorL of the liquid air.

A somewhat unusual method of cooling has been need by Limdetrom 
and Wldttdkerd Attached to the wall of the hath, which hi made 
of popper, is a copper rod which is hamevsed in liquid ammonia or 
ice, depending on the temporalme required. Tire bath is then cooled 
by the conduction of heat away by the copper rod. A cooling coil 
in the hath is therefore unnecessary in this case.

Insulation of Ihe Bath.— As the production of cold jh generally 
a somewhat difficult and expensive process, the insulation of the 
hath from undesirable access of heal is especially important.

The tendency for atmospheric moisture 
to con flense on the hath and its accessories 
must also he guarded against by suitable 
insulation.

In the choice of msulutoru, consideration 
has to he given lu suitability for the temper­
ature, and jsomo nude rials are very absorbent 
of condensed moisture and should there fore 
he avoided. Cork, either in the form of 
slabs, title granules or shavings, or hair felt 
may bo recommended, Cnrlv shavings, a 
waste product from cigarette-Lip tnamdae- 
turc, -weigh on the average 3 lbs. per cubic 
foot. Cork has a thermal conductivity of 
the order of O-O0 (iH8 gramme-calorie per 
square cent i metro per second for a tempor­
al me-difference of 1” 0 . per centimetre 
thickness,

Thermostats for Low-Temperature Work. The usual electrical type 
of toluene and mercury instrument (described in Chapter M) orh  
bimetallic-etrlp form (Chapter X ) can he adapted for this type of work.

A simple device for observing and controlling low-tomperature 
baths, in which use is made of the absorption properties of charcoal 
at low temperatures. Es shown in Big. 74, A Lube, partially filled with 
granular charcoal and a gas. is connected to :i, manometer (a simple 
U-Lubc with mercury j„ Ik e  level of I he mercury sin-face will depend 
upon the a mourn, of the gas held by the charcoal, that is. upon the 
temperature of the charcoal. Electrodes arc scaled in and control 
the healing pfrenit through the medium of relays in the usual way. 
The range: of greatest sensitivity is obtained, by the selection of a 
Bill table gad in contact writii the charcoal, and argon is such. a gus. 
The pressure of the argon may be about 2tJ centimetre** when the 
charcoal is at room temperature. The space above the mercury in 
the other limb of the manometer is evacuated.

1 3 6
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Forma of Automatic Cryostats. -In the He&rson apparatus for 
temperatures between -  U f  and. |-2Dr C., the withdrawal of heat is 
brought about by the evaporation of liquid sulphur dioxide which, 
after use, is rt:-compressed and hgaf^t rendered liquid by means of 
a small refrigerating plant. The mainominee of any particular' 
temperature depends eni.irely upon the rate at whioh evaporation 
and Ye-compressioil of the gas take place', these rates being dependent 
upon the rate at which the compressing motor works. For th e  
regulation of |ho speed of the motor a bimetallic therm ostat is used.

A cryostat employing pentane cooled by liquid air arid capable 
of maintaining any temperature between — ISOn f t  and 0° (1. has 
been described by Key as, Townshcrd and Young. = The pentane is 
contained in an nnsilvei^d Dewar vessel, the vacuum space of which, 
can be exhausted, through a side tube. This vessel is immersed in 
a larger silvered one containing liquid air. The pentane Is cooled 
by the heat flowing across the vacuum space of the inner vessel to 
a- greater or lets extent as the vacuum is low or high. The pentane is 
kepi well stirred7 and cooling is balanced by supplying heat electricalJy 
from ft heating-cud in the pentane. The temperature Ey tn aim, a iced, 
and controlled by means of a twisted hi metal Lie strip. J JV adjusting 
the pressure in the vacuum space of the inner vessel, and also the 
heating current, any particular temperature between -  180° 0 . and 
T' C. can bo obtained. This cryostat is said to be capable of auto­
matically ihaintah^g' the temperature constant to about u*ly ih. 
tdiier regulation of the tempe^utnre lias boon achieved by L. f 1. 
Jackson 'l by employing the triode valve relay method.

Itgerlun and ! rbhelonde A (see Fig, 751 
keeps the 1 cm pc rat me constant to ± (> -r  C. down to about -to t) (b 
aud does not consume much liquid air. The principle employed is 
the same as that of the foregoing apparatus of Keyes, Towrishend 
and Young, in that regulation Es effected by control of i lie; flow of 
heat between a metal vessel J\  tilled to a constant height with liquid 
air, and the bath liquid by altering the pressure of gas in the jacket 
Separating I he two. The method of control, however, is different. 
The lagged Dewar vessel A contains the hath liquid. A blower forces 
liquid air from the Dewar Hash 0  through a siphon into A  and. 
thereby cooling the bath liquid iu , 1., Since there is no danger of the 
vessel n  breaking and mixing liquid air with the bath Liquid, it is 
quite safe i.o use petrol freed from water as a bath liqiifd, The mol. hud 
of operation IS to bring the level of liquid air iu the double-walled 
copper vessel D  to the correct height, the dimensions of D  having been 
carefully chosen for proper functioning by baking into account the 
anmunt: of boat to he conducted across the heat space and down 
the walls. Tire space between the walls is brought to a low vaem 
and the pressure is made such that with the level of the liquid 
at a certain height the baih reaches equilibrium at, a tempo

1 3 7
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slightly below tho desired tomperattire. The level is maintained by 
control of tho blower forcing the liquid d r  over into D , this being 
done autom atically as follows. A fine glass l.ubc with splayed-out 
end is connected to a tambour, 015 the rubber diaphragm of which 
rests a lever which makes ami breaks the electrical circuit of the 
blower. The pressure in the tube and tambour is dependent on the 
covering and uncovering of tho end. of the tube with, liquid ah. 
Provided, (b e  rate >4. stirring is suitably adjusted* the maintenance 
of a. constant level of liquid air in 0  is alone sufficient, to keep the

i From
Slow er

P -f  £ < m r i  7  *

J’n.i, 75,—EgertOTi and Ubbelnaflcr ciycsfcat.

bath temperature within 0-5 0 .7 in spite of rhe change in composition 
of the liquid air with tim e. It; is necessary only to control the pressure 
in the air space in l)  in order to oh lain autiitnaUcally a much finer 
adjustm ent oE temperature, For this purpose the air space in D 
is cotioersted to a  water-pump when (he bath temperature is a little 
too high, and to a bighyvacuum pump when tins bath lias been cooled 
a  little below the desired tempersttii^:, This normal connection is 
with the low vacuum, but when a gua themiOTTioter in the for-rn of a 
th e rm # ta t closes a  contact, a relay brings? the high vacuum into action. 

An automatic cryostat th at incorporates a number of interesting 
features is that described by Sinozaki and K ara 5 (Fig. 76). The bath 
liquid, consisting of petroleum ether contained in the Dewar ves

1 3 8
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is cooled by liquid air from f lie vessel K  by means of a cooling coil 
of copper piping D. Absorption OjE beat by fch® ceased K  causes 
evaporation of the liquid air and ail increase of procure. This causes 
tho liquid air either to pass over into the cooling coil or to escape 
against the water head %. rTinn valve P  is controlled, through the 
solenoid S , by n t hen cost at 0 .  Tliis consists bf a copper vessel tilled 
with liquid pentane and containing a bundle of thin copper strips 
to improve heat, conduction, The expansion of the pentaune moves

ei Column of mercery in a U-tube to make and break an electrical 
circuit, consisting of an uocumulator in series with the solenoid 8 .  
If the temperature rises, the valve P  closes* and when the temperature 
falls, the plunger drops by gravity and the valve is opened. This 
closing and opening of the plunger-valve increases and reduces, 
respectively, the pressure in the liquid-air reservoir J\? anti c tmseq Pently 
increases or retards thie flow of liquid air through the vacuum jacketed 
tube C into the cryostat bath, The liquid air enters the pooling coil 
through a je t JS in the form of drops, and the amount is such that 
its cooling effect, nearly compensates for. but never exceeds, the heat 
how from outside into the cryostat bath. I f  the gas pressure in the

1 3 9
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liquid-iyr reservoir is accidentally rhoreased too much, for example 
hv a stoppage af the jet M} die glass tube leading from the reservoir A 
to the bottom of the water tank H Harvey as a safety-valve. The 
temppiattire of live bath may be maintained constant automatically 
from ± 0 d>2 per cent, to ±<3*003 per cent. within the range 0 ': 0 . 
to - 150 for several hours if  Ike apparatus is suitably adjusted. 
About 3 litres of liquid air are consumed in order to coni down a 
cryostat ol 1.4n0 e.e. capaMty from zero |o —100* f t  and maintain 
if at this tompei&fcuie ft)r nearly £0 iumrs. .Pentane becomes viscid 
a t a low temperature, and is not sin table as a regulator liquid helow 
— ltu>" <'. Ii butane he used for this purpose and for the bath liquid, 
this c r y o s ta t  c a n  be used a t  as low a te m p e ra s u re  as — ISO " (J,
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CH A PTER X V II

RELAYS AND VALVES.

TtiETtiunstats sometimes operate the cut-off switches or values 
directly, but hi moHt oases through the medium of relays, A pnmber 
of these regulating devices have been described in connection with 
the particular thermostats. In. the laboratory tile  most valuable 
fonns of relay are the thermionic valve and the hot-cathode; grid- 
ebntr tilled, gas-hi led types, to ^hich numerous references have been 
made in the text. The drawback of complexity is f■ ounteibalanced 
by the high sensitivity that can he attained by their use. The 
f til Idw big a re ci Led as further examp! of re lays. but (lie 11st. U not 
oxhaustive.

Galvanoineter Relays. — ( hi I variometer movements can be adapted 
to become sensitive relays for the control of tither circuits. The 
stability  ot a galvanometer Is greater, and it is much more positive 
in its action than an electronic valve for small voltage changes, as 
without, any elaboration of the circuit il will operate at exactly the 
same value i$definitely. Again, it is hot dependent upon a,node 
voltage or filament current for Its sensitivity. It is obvious that 
lhe size of the contacts which ean. be operated, bv the galvanometer 
move me Tit is very small, and Ibe current which ceui be broken must 
be mi mile, as any arcing would seal the contacts together. For this 
re;isou it ts often preferable f.n control the grid potential foi: n valve 
or “ tbyratronT by the galvanometer relay, and to use the valve 
tn control huger currents, The contacts ca.n be niEirie of fine platinum 
wire, A wire tongue attached to the moving coil c e u i be arranged 
to make contact with a fixed wire when the coil is deflected. By using 
fine wires, sticking of the contacts is minimized, as Oiily a very small 
surface is in eoifi.Eiet. By suitably positioning the wires a- rubbing 
action Ce u i be produced. The power required to  operate a sensitive 
galvanometer relay is of Ihe order of to 2.000 jiuW.

Mercury-in-Glass Switches arc now in general use tor technical 
and industrial purposes. Contact is usually established between 
mercury and mercury and not mercury and me tab hr order to avoid 
el ruing with heavy currents and high voltages, which would cause 
melting of the electrode and Leakage at the sealing-point. Che 
leading-in electrodes are contained in pockets is the glass envelope 
and are covered with a pool of mercury. To prevent oxidation and 
to keep the mercury clean, the tubes are filled with a reducing gad,
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Owing to the Hnifili amount of mechanical energy and minimum oi 
movement required to o p ia te  such switches. which. can break fairly 
large g u t  re i only a smalt pummt is itecessary to operate the adenoid,
Many forms of switches are availably from the simply form which 
makes and breaks a- circuit (see Kig. 68) to that in w hich it impossible 
to make and break two distinct circuits. This latter type is useful 
where it is inquired to Operate a circuit which controls a cooling 
medium in addition t$ the heating circuit.

A switch of the solenoid type is 
illustrated in Fig. 77, in which 
the mercury is displaced hy the 
movement of a core actuated by 
( fie solenoid.

not-wir& Relays. A simple 
method of Operating a mercury 
b wit ah in response to impulses 
from the tllermo-regi:Iaj|pr is the 
hot-wire relay of Griffin a-] id 
Tatlock, p<h ‘

The essential feature of the 
apparatus is a wire supported 
between & at and aid anti a. tensioning 
screw in another standard, Oil 
the passage of a current through 
the wire, it Incomes lieatcd. the 
expEinsioti causing it to &ag+ This 
sagging of the wire; is used to cheat 
the tilting of the mercury switch 
through a link attached to the 
cradle which supports the switch. 
One method of setting up the 
circuit is to connect, the thermostat 
(which Tmi.y be of any electrical 
type) in pa. ml lei with the wire 
element. When the thermostat 

“ makes/’ the wive element is short-circuited, and the current through 
it being thereby reduced, i he wire euois and contracts. The effect 
of its contraction is to till, fhc mercury switch, and thus to break 
or make the main cu'cuit. By the parallel method of connection, 
the electrical power broken at the thermostat, contacts is much less 
than when the thermostat is in series wills the wire, demerit;.

The Sun-Vie hot-wire relay operates on the same principle* but 
the wire is enclosed in a vacuum tube together with the contacts, 
which i fe  of the meLn.l type.

An ingenious vacuum switch, m a no factored by Bienti 
Haiske. consista of an evacuated gkrss tube Containing two

14 2
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ypi'mgn sealed in at one end and a flexible corrugated tube sea fed in 
at the other end r Through the flexible tube projects a rod, a flight 
movement of the outside end of which will cause- Lhc inside end to 
o]x:n the contact. The: movement of the rod by, for example* the 
expansion and CoiiijFietion of a material cun thus be arranged to 
make or break an Rubrical circuit. The rupturing caymcity on a 
nup-indi.ijp.-ive loud, if is claimed, may be as much as 1,300 volts at 
10 amperes.

Valve-operating Gear. As previously men tinned, the switch luay 
direotly control the current Lo a 'urnaee, or may operaisfl through n 
motor moving a valve controlling the supply of air, atcara, water, 
oil. etc.

R . M L A Y H  ,\JM> V A L V E S  1 3 7

bfl. .— 'Cunbrufje motoriucrjLTc.ir iul‘ -orLfjle auppî  pipifc. LOu. 7it C'-ainliriflg* vftlre-i>pfer-fvtjug t'v.'ii"

A simple motorized valve gear for a single supply fine is illustrated 
in Fig. 78. Where more than one valve or damper has to be controlled, 
a mechanism of the form shown, fn Tig. 70 may be psod. The electric 
motor is coupled to a Bpeod-reduction gear-box by ;i. clntub adjusted 
to slip when a predetermined resistance is .met, thus preventing 
the motor Or gears from being damaged should 1  valve stick.

Vrd ve-ope rating gear m&y hike the form uf a power cylinder 
capable of developing from abouf, 3i>0 to 3,500 ft.-lbu, per strobe. 
Such cylinders are capable of operating large slides or valves, The 
thermoseat ic regulator coiitrois & nilot valve wliich determines the 
direction of air, water or oil flow to the power cylinder.

It is sometime*! found that the arrangement of the pipework 
supplying the fuel urul air to $ manually Controlled furna.ee is such 
that move than one y rlve-opeiatif!^ gear is necessary if automatic 
control is adopted. This entails unnecessary expense, and the efficiency 
of control is impaired owing to the difficulty in co-ordinating the
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settings of the various valves ho as tn ensure the correct fuel/air 
ratios. By re'designing the layout with the controls in line, it is 
possible to use one valve-operating gear to control two, three, and 
sometimes four valves, obtaining;, at the same time, improved results.

Valves*

Control Valves. -The selection of a suitable valve for t he require­
ments of an installation requires careful con si deration. The material

fit!, sir “ Arv<>" pcleiKhirl vjilvr.

of tile valve body ami scats jvtlf he governed by the normal and 
maximum temperatures and pressures of the controlled medium. 
The wearing or erosive action is closely related to the pressures 
employed and the size of the valve* 11, for instance, a single-beat 
valve is operating in an almost closed position for normal running, 
and the velocity of the fluid is high, the valve seat mgs will become 
” cut*” In the case of steam, this causes wiredrawing,'
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I t  limy bo found that a comparatively small valve will give the 
requisite control when the plant. is Running but is unsuitable for rapid 
heating when starting,' up. jfjy using a larger hancjicontrolled by-pass 
valve or a V-ported valve or possibly an on-and-olf valve, this difficulty 
may be snrmoimtoi^ A largo si ogle-beat val vc working in an almost 
closed position will bo unreliable, because slight variations of opening 
will cause large variations of flow,

Solenoid Valves are often used when the controlling device operates 
electrical ly. Here a gloh&- or nccd!e-valvc or balanced plunger is 
normally held open (or shut) by means of a spring. Passage of Current 
throng1] i the coil jof the solenoid Causes the ©'mature to move to the 
otlier extreme of its travel, so that the valve is then fully closed 
■{or open) (are Pig, BO), The chief advantages of this type are its low 
cost  and simplicity. It is not ns reliable, however, as the motor- 
operated, valve, in which a large operating force is available, which 
gives better control and more freedom from sticking,

IHot cur -opera ted Valves, —In this type, as previously indicated, 
a geared-down jafcectrio motor operates the valve through an eccentric. 
A single-seated valve is generally used. To prevent. overrunning of 
the motor and conseipifcnt opening of the valve, rotary snap-switches 
break I he circuit at each half-re volution.

Diaphragm Valves. These valves have a diaphragm r.op, which 
is operated by an air supply regulated, by a valve in the controller. 
Hie valve may be of the balanced or unbalanced type, and designed 
for use with air, water, oil or ft team, Wherever possible it should 
bo of the V-purt type, ats this assists in obtaining smooth control, 

Diaphragm valves are of two type# iHrett-acling (singlo ca te d ) 
{see Fig. Ml). and leverse-acfmg, in which the disc is drawn up against- 
the seat. The former term usually refers to those valves which close 
with Increase ill pressure on a diaphragm. If the line pressure is not 
too great., single uiobc valves arc used, but for greater line pressure, 
balanced valves may be needed. The action may be cither throttling 
or " open and shut/' In a throttling valve (double-seated V-port) 
(Pig, k2 ) the difte or plunger seeks a position where lirte-preft$ure drop 
plus spring pressure balances control pressure and permits eont imujus 
How of the heating medium. Open-^Jid-shut valves are either fully 
ripened or fully closed at all limes, They are usually preferred where 
the temperature-lag in i he controlled apparatus is slight or the 
apparatus itself lias a high liea.1 -storing capacity, On the other 
hand, throttling control is desired. where I be lag is greater. In genera!, 
direct-acting va,Ives are used to control heating media and reverse­
acting to control cooling media.. The coiitrolllttg pressure, however, 
may be used til cause a valve to respond either directly mi1 reversely 
in a fisc in temperature, and hen#  the choice of valve depends upon 
whether it is open or shut upon failure of the control pressure. 
Balanced valves arc not usually intended for pressure-tight service.



In  some cases a valve has two separate diapluragms* When 
a cycle controller is used to terminate a heating periodj preseme 
upon the second diaphragm shuts off the heating medium inde­
pendently of the temperature-eon(.ml systerrr.

I 1 ho Drayton K emulator and Instillm ent Company mu-iiu fact mv 
a packJpHK typo of valve, operated hy heat. JL metal belloWB takes 
the place of ti atripping-box. The valve is closed^ on eirctidfc being
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Established, by the ex&msJOn of a met.n l bellows containing i\ \ i b- 
liquid, heated by means of  a resistance coil. The operating bellows 
and heating elements are enclosed in a casing fixed at the top of the 
valve. The valve opens and closes slowly {within a b o u t  2 ;} to 
4 minutes), so that hammer action caused by snap action valves is 
avoided. The wdve can be used o n ly  in low -press hit systems of 
about 5 lbs, per square meh. F o r higher pressures a balanced 
with stripping- box must he used,

1 4 6
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Unsystematic Response of the Valve.— Unsystematic response of 
flnw of the lieating&upply medium to  the thermostat action, par- 
fieri lari y detrimental to proportional control, may result from valve

on fluctuating pressures; arid noil-proportionality, from t ie  cutting 
of the va.lve se if, a greatly oversize valve operating a t low Lift, a  
non-proportional or globe valve, flashing in the valve ports, or from 
limitation of flow by inadequate piping. In th| more precise throttling- 
control installations, where valve changes must be accurate and 
minute, valve positioners I Lave no me into tise to elim ina^ errors of 
valve friction and unbalance. Ill every control inwbdLat-ion, the 
Control valve muaf be sized lo be the i: bottle-neck ” of the control - 
fluid system.
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CLASSIFICATION OF HEAT-EXCHANGERS,

T em per  a tu r e^ ohtroIj is fundamentally the regulation of heat- 
cxchungo. There Eire, of ccSUeso, many ways of exchanging heaty and 
t}u typo of r mi tool employed will be governed to a largo extent, by 
tlio system lifted. A general survey of the various forms of heal- 
exohangers will) therefore, not he out of place.

Huat-rxelianger design depends oil a number of factors, amongst 
ihe more important being the quantities of the media involved, 
temperatures, heat ^requirements, heat-storage capacities, and the 
amount of heat-transfer surface and its effectiveness. Tlue effective 
ness depends on many factors, but most important, perhaps, are the 
film coefficients* which are in turn dependent on the media, their 
tem perature* and velocities,

Haigler1 has classified the various forms of heat-exchangers and 
repriwehted them diagrammatk^dly. Most of the forms can he 
represented by two contiguous reebangles, representing supply and 
demand sides, the length of the common wall signifying the amount 
of Iit-at-transfer surface* and the thickness indicating the thermal 
resistance. The width of each rectangular area signifies the thermal 
C&pacity per unit of heat-transfer surface, so that each area indicates 
the total thermal capacity on that side.

The sensitive element of a. tempera turn-controller is indicated by 
8 , while the valve V regulates the supply of heating fluid.

In continuous processes the heat supply and demand nrc, on the 
average, equal. The effect of the thermal capacity on momentary 
flurs't nations is determined by the amounts o f  stored heat absorbed 
o r  released dining a. temper ature-fliictiiatj on in comparison w ith  the 
steady-flit ate heat quantity. Obviously, if the storage beats (products 
of therm al capacities by tcmpcratitic-Hiict.ua! Ions) are negligible in 
comparison with the steady-fttuto heat quantity, their effect on 
control is insignificant. When, h o w e v e r, the storage heat is an 
appreciable quantity, as is usually the case, the effects of tluermal 
capacity must, be carefully considered. In batch processes the heat 
balance approaches th e  limiting ease where all of the bent requirement 
is storage heat.

Simple Heat-Exchangers*—Let us now consider some typical 
simple liquid-liquid heat-exchangers, each with the same demand 
conditions and same heating surface, but with different thy mud

1 4 2
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capacities and directions of flow. Fig. (a) represents a simple 
concentric-tube (pipe within a pipe) exchanger connected for cn miter- 
Current, or opposed -flow operation, with the small inner pipe on the 
Ripply side and the large mi no Ur Bpaiie oji the load side. The 
temperature-sensitive element jS1 is placed in the outlet of the exchanger, 
or in the pipe immediately adjacent thereto. To tills heat-exchanger 
& temperature-change, as a result of any upset in the balance of heat
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demand and supply, reached iS in a mhibnuni time, Consequently, 
with on-and oil control, Lbc heal input pulses tire of short duration 
a]' id correspondiugly small hi arnplilude. The small quantity of beat 
available horn llio low capacity on the supply rude of the lieut- 
exchangcr, as the control valve shufca at the end of a cycle, js able 
to raise the temperature o f  tlie high capacity on the demand side 
only a slight amount before it doe Li nee again under the influence of 
now material flowing into i he demand Hide of the he^-exohauger 
Obviously, at higher loads the overshoot is reduced and I he decline
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in temperature follows more quickly, with corresponding i improvement 
iiL accuracy of control. ( Jn n versd y , al, J.o \v er I oad a t he e ve les m re worse, 
Thus we sec why a very much finder loaded ^s^exehangeir on open> 
and-shut control may cycle badly, while when ddui(ii£t$y loaded it 
Controls very closely.

Similarly* with gi-apcurl^nal control the heat exchanger shown in 
Pig. S3 (ckJ donlrolg accurately. The heat-exbhanger can follow rapid 
control changes without Inmling, The hrapiirablc capacity a! (urinates 
temperature fluctuations, thus tending tiuwairl stability. As Indore, 
at fight loads the effect of fluctuations in magnified, thus tending 
Toward instability^ For this reason a very much underloaded heat- 
exchanger <m proportional control may also break into a cycle.

Fig. S3 (6) yfepreaeifffe an exchanger exactly similar to that shown 
in Fig. S3 (n) except that flic sensitive element is moved some distance 
away 1'rnm the heaI -exchanger. The time for a temperature-elmngB 
to reach position S l is much greater than that taken to reach S. 
With on-and-nil control, the on-ant I-off periods are correspondingly 
lengthened and thy resulting cycle amplitude is greatly enlurged. 
With proportional control, the cootroI -hand must be much wider 
than before to make the belated valve corrections; less violent and to 
allow a wider range for deviations before the limits of proportionality 
a rc reached. Thus, with cither type of control a large L‘ transportation 
hag ” entails poorer control.

It. is also interesting to note that poor lie at transfer in the heat- 
exchanger, or slow response of the thermal system, has an effect 
somewhat similar to transportation lag, which may he cm Med **. transfer 
Jug.” Insufficient or flirty heat-exchange surface and 'poor him 
coefficients from in d o n a te  velocities resulL in hlgij resistance to 
heat trun^fer, C6r r0sp(mdingly high thermal potentials between the 
sides of the cxclnitiger, and enduing control difficulties. Satnilarly, 
short and thick or heavy bulbs in air or other poorly conducting 
media,, and rest-nested eireulai ion past the element can produce a Luge 
transfer lag to the thermal element and delay its response surprisingly. 
This is serious, since the thermal-element response should always 
be rapid in comparison with file process It .is controlling.

Transportation big and transfer lag together comprise the 
"response lag ” of the system, li espouse lag, meaning (he interval 
between miliafinn of & tompe.rature-change and the initiation of a 
corrective response, must he kept small for best control. Transfer 
lag is reduced by increased thermal potential; whence, in eases of 
extreme transfer lag, normally unfavourable capacity-ratios may 
control better, since the l hermal [potential available for control lias 
not been attenuated. 'I1 ran sport at ion lag is i malice Led by thermal 
potential, being reduced only by reduction of (he time interval, as 
by ro-location of the thermal element, by reduction in preceding 
volume, or bv increase in flow velocity.
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Fig. 8S («) rep resen t another exchanger aiihilnr to  tli&t shown iii 
Ttfj. NH (#) but wil-.li the load and supply sides uiterehjitiged. The 
-m:<N 0 ntraj pipe fca now the demand aide, while the large jacket 
.^pace ib the supply side Hhe radioed ther mal eapacit!es of the demand 
\ind supply sides of |hc exchanger has been g rey ly  altered. With 
or i-a i if I -oil' control, the Cycles are very large. The heat available 
I'r-iim the large capacity on the supply side of the exchanger after the 
control valve closer onuses a temperature overawing in the small 
rupaeity of tlm load side many tim es that which results \u f he case 
represented by Fig. Ki $«); A lasge capacity on the load side is 
f'avouL'aldc. diminishing and smoothing out the variations: on the 
.--npply side it is unfavourable, amplifying the variations. W ith 
proportional eoptro.L tlie situation is likewise Tin favourable, wideband 
r-Hh iL iol being required for stability.

Heal storage effects depend not only on thermal capacity: 
temperature levels arc also significant. ‘ When the temperature- 
differentia Ls large, th$ ifu.ant.ity of heat potentially fcransferahfe is 
huge, and difficulties are accentuated. With on arid-oIf control, 
cycle amplitude is large ; with proportional control, cyding ran bo 
avoided only bv wide band eofltrol with the attendant disadvantages. 
A small fjemperati^c-difference is conducive to good control ; and 
sometimes, when little else is possible, merely reducing fcomperatu re­
difference will improve controllability greatly. In milk pasteurizers, 
du* example, the milk is heated not by steam directly, but hy circulated 
water heated to a controlled temperature only slightly higher than 
the Sotting of the milk temperatiire-controJlcr.0 Large transfer lag is 
always to be avoided because if requires largo temperature-differences 
or- thermal potentials which can produce large .0vcrswmg4-

Fig. 83 {d) represents tlm co-euiTCut, or parallel-flow type. Except 
Shr I lie direction oi eupply-modium flow, it is similar to the ease 
r epresented by I: ig, S3 (ft), but tills single difference is quite significant. 
Not only is Mu: transporta-tiSn lag obviously increased over its valuO 
rn the former cage, but also the transfer lay is greater. In a co-current 
heat-exchangcr, the media approach the same outlet temperatures, 
A fo-curreut exchanger i.s a : ' temperature livelier/ 1 and the average 
rompcfatnreaiiflorencc is large. 1 n a counter-currentunit, the simply 
medium discharges near the dem and-milium  inlet, temperature. and 
Mio clean and medium disefe^rgea near the supply-medium inlet tom , 
perature, A counter current Exchanger is a .i: teraperatine exchanger, '3 
and tin- average tompemtiire-dlffercmcc is small. Like counter- 
currem. heat exchange, co-current is a,ho advcrse|y affected by 
unfavourable therm al capacity.

Mixed-Current Heaf,-Exchangers. -Miuiy ii.eut-excli aimers 
uoiLJi.e.r counter-current nor m-mirrenl.. but a ’ inixture of the two 
Usually, tJie iranaporta I ion lag is excessive and tJic transfer lag gi 
Mian need be, With poor control lability the result. Mixed cu

a re

151



146 TH.H ft MO ST ATS

hmt-exqhanger& may be classed with co current ns difficult to control. 
In  tbe bent tube types tliey .may be even worse than co-current, 
because flu et, mil ions in supply or bemand may cm iso local toipperature- 
doviations simultaneously in the several passes, Sqp&easive responses 
of the thermal element- fed these deviations Lend toward further upsets,

Tb e h i mple heat-ox chan gera represent rnost of the com mon 
teinpcrat-ure-control problems. Lose numerous, but important in 
many processes, are the many variations of the compound heat- 
exchanger types.

Compound Heat-Exchangers, A typical multiple exchanger is 
repic senI.cd by F ig , 83 (el). Two supply sections operate sirriulfcanjeously 
and Lridep^pdontly qq the demand section, Similarly, midfcjple- 
domaud sections are possible. In multiple exeh&ngm^ the supply 
or demand suctions, no m aker Now many, act in multiple and i'hcir 
effects are additive.

Compound heat-ex Humgers may also he arranged with several 
sections in tun dens or series, as shown in Fig. 83 ( f ) .  Here the 
intermediate section or sections introduce additional thermal capacity 
and additional transportation and transfer lags, Heat must bn 
txansferred. to, traverse, and bo transferred from the intermediate 
section or sections. Sluggish response is ike normal di;wa clerk tie 
of ft, series exchaaiger, and wid e-band coutrol is required., Fractionating 
column a are typical tandem jbeat-exchangers.

Very complex 11 eat-e xeli an get systems are often cue mm term!, 
particularly hi processes where the several steps nrp interconnected 
by heat-recovery exchangers, Theses jboroplex systems can be resolved 
into combinations of the simple and compound types previously 
diseuBEfcfl,

Favourable Factors ior Controllability,—I t  follows from the above 
that the factors favourable to precise control, as reflected in a mailer 
cycles with nn-atid-olT control and in nurrower control-bands with 
proportional control, are :

(1) Minimum transportation lag ;
(2) Minimum transfer lag :
(3 ) Minimum temperature-difference ;
(4) Minimum supply-side therm # cap act ty i
(5 ) .Maximum demand-side thermal capa-cuy.

The converse? arc unfa vant able, arid are to be avoided in good, design 
and opera (.ion since, with simple control, they result either in huge 
cycles or in wide control-bands and consequent wandering,

Effeci of Various Heat-Exchange EVledin.— Examples of liquid- 
liquid heat-exchangers have been discussed* but the cases of liquid- 
solid* gas-solid, gas-liquid, and gas-gas boat-exchangers must be 
considered also. When a solid is substituted for a liquid on one side 
of an exchanger system, the thermal-capacity ratio may not be greailvr

15 2
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changed, ws ordinarily the higher- specific gravity of the solid is offset 
l>y a lower specific heat,

J iu: problems with a solid are more likely to involve homogeneity 
ioul accurate sensing of teroper&tuif than transiioi^tiori and transfer 
Jags. When the supply medium is a hot gas, such as air, instead of 
a hoi, liquid f such as water, the temporal ur<--difference may be 
considerably greater, yet result in a lower thermal capacity on the 
supply aide with a net favourable effect on control laE.uiif.v. < -oiLverselv, 
whon the substitution of a gaseous medium is on rite demand side, 
controllability is unfavourably affected. With a vapour such 
steam, the Latent heat offsets in part the effect of the smaller mass..

hi a plain-pipe afr heater, the heater mass is so largo { te m p e d  
with that of the air being heated that the system is always thufc 
represented by Fig. s;j (e), Therefore, proportional r̂tck -̂baMd 
control in used. When, in addition, a sluggish thermal element in 
used, the results will be extremely bad. The control-baud will he 
so wide that reset is imperative. On the other fraud, in a tinned-tube 
heater of equivalent rating the heater mass is much smaller, am I the 
system may approx imate th a t shown in Fig. S3 (<j). Then, provided 
that the controller— thermal element, control teeoharu&m, and valve 
- is extremely responsive, on-aud-off or narrow-band control coil be 

used. When tlio controller is not sulTtiercnlly I'csponsivc, die system 
is the less favourable one shown in fig, S3 (b), requiring wide-band 
control whh its attendant problems. To avoid needless handicaps, 
il is essentia! that controller response be more rapid than process 
response, Nowhere is this better illustrated than m  air heaters. 

Classification of Special Types, -Cate should be exercised in 
classifying units which at first appear complicated, in that by analysis 
they may bn placed in a simpler or other category. For installce. 
in a Conveyor-drier or tempering furnace, the circulating air or 
products of combustion, respectively, are contr^lcd in temperature 
by regulation of tk§  heating meiLium supplied to coils, or by the 
regulation of coin bust. ion. The thermal capacity on the supply side 
iu very large compared with the capacity of the e updating medium, 
which suggests 1 wide-band control. The resulting teinpemfcure of 
the load, however, is the dgniticaiit operating temperature, the load 
usually having a considerable thermal capacity, sometimes exceeding 
the thermal capacity of 1 ho supply side. Tiny, therefore, is of the 
tandem heat-exchanger typo similar to that shown in Fig, 83 (/'), 
at id 11 the ratio of demand -si do heat storage to supply-side heat 
Storage is high, the system can ho operated by mi-and-off control. 
The load temperature is controlled precisely by controlling roudily 
an intermediate transfer temperature.

Reference io Chapter XVH,
1 lAim.ni, TrUns. Amur. iVc. Afecfr, Engineers, 60, A's, h, 33-) fi [p.
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A PPE N D IX

THEORETICAL CONSIDERATIONS OF TEMPERATURE-CONTROL,

Aw hwlioittecL in the preface to thfe edition, then: haem ihroebnt
jyears, many attem pts to evolve an analytical theiptf'v of temperature- 
control. Nor 1 e . Ik)wover, ajspears to be com pletelyLaatisfying as vet. 
While the theoretical foundatirniR ate old and the fundamerit-al 
principles ban be found m classical texts on the sciences, analytical 
methods have not yet penetrated properly into the field of temperateire- 
enntrol.

Most pf the mathematical analyses are based on analogies with 
existing piiTicifiles oi' Ffcfsius oib Mechanics. The most frequent 
method of treatment ol the subjoefr is to consider control processes 
in general hud to refer- to tempera lime-control as an individual member 
■of these prot! esses. Oenmi.u th com te1 ha y4  at temp led to Correlate 
the theory of speed governors in turbines and steam engines with 
process eon l.iol. wlii 1st .British and American writers draw on hydrallIic 
(analogies. fhe application of hydraulic analogies to heat transfer 
.by convection in fairly satis!acfcry , hut similar Analogies for heat 
transfer by the n,gcncies of conduction and radiation are not so, and 
these latter are best dealt with in a <?nny.entLpn;J,l maimer,

'l.'lic aim pf the theorists is to evolve a mathematical eanaMbn, 
oi' equations, which will express the effects of a number oi' changes 
in certain factors on the system.

Jn some cases the method of attacking the problem is to fcubjeeg 
1-lie system to what is termed a " standard. (listin'I wince } by moving 
a vtdve or other unit by a definite am punt, dedupmg the effects o± 
fuoli a change on the system, and expressing the results in tiro form 
of an equation.

I t  w ill be readily appreciated that if react ions took place 
in s ta n ta n e o u s ly ,  th e  element of time would not need L.o be considered, 
and the relation be Lween the portion of thb regulating valve and the 
temperature in I iCal-eon!:ro l would be a simple and direct one. T h e  
temperature would move from one position ol equilibrium to another 
without o s c il la t io n .  Unfortunately, this ideal c o n d it io n  is  not 
attained, although approximations are possible. T h e  heat capacity 
of the system enters into tho problem, in v o lv in g  time-relations. 
Reacting causes end eSccte have $o be considered, and attempts mo, 
therefore, made to express a ll these causes and effects mathematically 
by differential equations of varying order. In  general, the differentia

LIS
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fypmtTnn is raised aborit one degree for ehfcjl such cause am! effect. 
rThe jw stillage assumption is in fide that the (actors involved have 
a, lmeiir R atio n  &hfp, in binder Hint the diifereiitial equation Khali be 
linear and more readily solved. II. may be interposed here that the 
mo.d usual equation in of the type wdiifih describes vibrating systems ; 
but such an equation is, obviously, of no value until reduced to a 
specific form and its doeflicieuts evaluated, Tim ej^ectivoness of 
control c an then bo specified in terms of time-cons t-n nts. One such 
general equation is sia follow s: -

d- ip
df*

d:'~l
L  ( 1 _  ;-h «- I

,, d“ ip ... dtp .
( }  -  1 A .  i 1 r .  -J_ i  — IJ *

r di? ' J dt 1 r ° _  ° a

this can bo reduced to a simple second-order form In tlio cose of 
temperature-control, as follows :■ -

d i p  d tp
( 'ii -jp -f- 0 rt — 0 ,dt

where \p is the fractional deviation, of the temperature from Its
( i 1 -  t  ) 

standard value —̂  -

Further reference will be made later to this aspect of the subject. 
It will be convenient to adhere for l he moment to processes in general., 
as has previously been indicated is the custom in dealing with the 
mathematical aspect el processed of which temperature is one.

E  of erring again to the capacity of a system, ii may be said in 
general lerms that whenever the absorption of energy occurs, there 
must lie a re si stance to the flow of energy from this -part of the process j 
otherwise the storage of energy would lie impossible, regsj-dless of 
the amount supplied. Thus with each, capacity there in alwavs 
associated ah least one “ red^aiicu. 3 Vo cess lags pec nr as a result 
of com hi nations of these cajiaciti|| and rests lances. Three t.vpcs or 
classes ol process Tags have been recognized," as follows : -

f[) Capacity Lag- a retards ion {hot a delay) of the condition 
of a given process variable, resulting from 1 he ability of the 
immediate part of the process to absorb ami stove up energy.

( )̂ Transfer h ag — a retardation (not a delay) of tho qojSdition 
or a given process variable, following an instantaneous|hango 
in some related variable, [(self resulting from nvdstauee offered 
lo I he flow1 ol' energy between two or mure reasonably isolated 
capacities of the process.

(3) LHstakU-velocity Lag -a direct delay or postponement of the 
beginning of a bhao^p in a given process variable, following 
a.n instantaneous change in a. related variable at some oilier 
point in the process, itself resulting from any eliaracteris&c
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of i. he mechanical embudirnen! of the process which Requires 
time to conduit. the effect of the change to a part of the process 
whence it may affect the given variable.

A process possessing ,c Transfer Lag !' must consist of at least 
two capacities, L' 1 )istan.ce-velocity L a g ” is the only type of lag 
expressible in time units* iS Capacil y Lag f? and ‘ Transfer L ag" 
come tinder the heading of functional time-Jug& :' Distance-velocaty 
Lag may be tcritied finite time-lag*

Moat tier man authorities on regulation use dimensionless quantities 
Changes which tahe place are represented by their ratios as compared 
with some fixed value* either the average or the maximum, rather 
than their actual values. The final Squat ions ate thftrt expressed in 
terms of ratios (dimensionless quantities^ and time* By this means

the form and use of the mathematical relationships is Amplified. 
The results, however, can readily he concerted Lo absolute quantities 
when required.

Hydraulic Analogy.—-As previously stated. British and Ajfaeiicarj 
writera use a diagram tfifttic to present atiojfi of a process based on 
hydraulic principles. Fig* ti-J illustrate?; a simple diagram of this 
form and refers to a so-called "  single-capacity process. 5 By inter ­
pretation and extension, this type of diagram can be made to represent 
various forms of temperature-regulation problem si, bearing in mind 
the firm ta t ions previously expressed,

The process is considered to be a series of capacities separated 
from one another by resistances, so that flow from one capacity to 
the other is accompanied by a decreased energy level* represented 
by a difference in liquid levels (Big* Sd). The flow through the 
resistances may be made proportional to the- difference in levels 
f l differential head ’’)* since the flow of heat is inversely proportional

1 5 6
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io the tor i stances in its  path. The anea of the tank repicseiite the 
c a p a # y  the ay stem o r B . lfi.ty|j§ per deg vw. This can lb 0 t: o 1 vs i der o c l 
aa the product of the specific beat of the material being heated times 
its provided that the range of temperature ig such that the
specific heat remains constant.

r ii the supply valve is moved suddenly at. time l =. % by an amount 
.ld> the increased input flow wpukb according to the (2echian system

of di men gam ier quantities, be where Q is the flow rate at

etpnlibrmm valve position. A change in level Ju results, represented 
Ah . '

t)V a  change ^— =  y?s where /q is the differential across the supply

valves and A£ =  the differential across the diwcharge valve. The rate 
nf change of level, or g?1, is directly proportional to the increased 
input flow rit1 disturbance q. a nd if q  remains constant y;1 aUt| remains 
a constant. The ratio of (p1 to the corresponding value of ql is a 
characteristic pt the system of regulation and has been called by 
Neumann'3 Ehe ’l sensitivity of the regulating spaced’ The reciprocal

r/iit this ratio, or —  , has been called £nfaufy&ti by derm an writers, a

term which has been variously translated as application ]ngs>T 
1 process-time/' “ startmg-tmie and f a c t i o n  time. ̂

The process just considered has been referred to as a " single­
capacity process ; as previously indicated, multiple-capacity pro- 
vesscR are possible. The latter may be subdivided into tlie following 
groups -

(«) Capacities and rpsiatapcea in series,
(&) (Vipaoitios and resistanoe* in para-1 tel, and
(c) Scries-parallel coipbirm lions.

jVIany mill tip] e-capacity systems can, however. Ik: approximated 
by a single-capacity system with sidlicierit exactness.

Mathematical Theories of Temperature-Conl.ro). Some of tin? 
principal features of specific mathematical theories advanced by 
varhnis authors may now be considered. For a full description of 
these theories the reader is referred to the original papers on the 
subject, lit which references are given at r.lie end of this chapter, 

Callender* and his collaborators discuss the question of time-hig 
in its relation to control systems in general, Thev consider that 
vjj.riaf.Km in the departure of the temperature from the normal or 
standard value may be due to three pauses : -first, through imcon- 
irohcd disturbances, such as fluctuations in the ambient temperature, 
or variations of voltage on the mains from which the current for 
'h e  healing coils is taken ; secondly, through 1 he operation 
control gear; and thirdly, apart from changes due lo these c



1 5 2 TH EB-MOS'I 'ATS

il tit;part lire of the fhmace space tempera In it) from the normal mas 
in i I self give rise t o  a variation of the teiupri.’afciire,

A general expression is given connecting these variations as
f o l l o w s ■

d 0 (t) t
d f  -  ~ z +  0  (/) -■  m  $  {t) . . , < J}

where 0 (|) is the departure a I time t of the temperature from the 
set value : U (/) is the effect of imooiil rolled disturbances arid ih 
regarded as a given fmiHicm of l : V  (0 is the effect at time f p i  the 
opera 1ion of the control ; and — m 0 is the inherent effect of variation 
e| fj (/) from its &ero value. Thus O (i) is the disturbing function and 
( (/) the en]it l olling function. Hie irm outiollcrd disturbances do not 
affect tin: control direrdlv, but through varkdiims of Q, to which they 
give rise. For a system with time-lag, the lunction f* {() then depends 
OH the behaviour of 0 not at time /, but a( a time t — 7\ where 7  
is the time dag, which is assumed In he constant.

The elleet of the c ontrol at lime t -j- T  is determined by the 
behaviour Of 0 (/) at time t. The dependence of <7 (f -|- 7 )  on U{t)  
expresses the hell a v tour of the control, which may he put into the 
following form, termed the 14 law of control ” ■ ’

-  V  (/ -  T )  =  n x 0 (i) +  $  {/) -f- «d d ( t )  * . { D

whore the dote denote differentiation with respect to time, and n r. 
>i... and are ennsl anls. For aatisfqfttory control these constants 
must lie within certain limits oj value, By using different values of 
these constants, die behaviour of the control from the point of view 
ni sluggishness and damping, elo _ car he determined.

in their analysts, ("alien dor and 1 j is eollal h mi tors assume I he 
time dag to be unity and write—

iffyl\T =  T,

WA : l ':t ;ami m  7  =  f ,. n x Yrs = uu  T  =  n,,

Jrn *’■! |a being called tlie “ control-constants "  of the system.

T D { i )  is taken as equal to i> (t ), *
r c M  ,, „ „ c (t).

is referred to as the disturbing function. For 0 is Written 
regarded a* a function of r rather than of f.

From this, equations ( 1) and (2) become—

and

d  0  (t )
fir ■ '■ r> (?) -f' {*) — ft 0 (t )

^ e  +  i)  . . .  J e w= -- i'j V [Tj -  r2dr. dr >5)
d* 0 (t )

dr*
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J’lnot̂  methods of investigatlon worn used to study E-lic equation^, 
it% follows : —

(]) The determination nf the ' norm al mode^ l ' of Ehe■ {equations. 
The behairiodr of 0 {r) where t - tJT, the time-lag T  being 
a  ii 11 it of time, L exjKimoiriial or damj^d-hatmunie, and the 
frequencies of the modes and damping constants are found.

{ii} The use of Heaviside opera^prs. Tito equatkms (3) and (4) 
pan he paprti^sfid in ffrieh a jmaimer as to form a pair of lineE^ 
difference differential equations with constant coetfieienl a. 
These arc then treated by the Heaviside operational method,

(Hi) Numerical investigation of particular eases by arithmetical 
or graphical methods., or by file use of a different ielI aimlyeer.

To deduce the true ranges of Suitable "  control-constants "L a 
genuine time-lag is ;kssnmed> instead of a  mere sluggishness of starting, 
analogous to inert hi.,

The physical significance of the ‘‘ lav of control ” cam bo illustrated 
by considering the control of tempo rati m; by wtermi-heatings the sdami 
supply being controlled by a valve. The set ting of the valve 
determines the cord,rolling fi motion, and front the " law of Control " 
with us 0. it follows that not the valve■■■setting itself, but its iime 
rate of ebimgo, depends on the value of the temperature and its 
derivatives„ so that the vn.lve-setting depends not only on the 
behaviour of the tempera-lure at any particular instant. bid on 1 he 
ume-integi'nl of the temperature, find, so on its previous history.

Diagrammatical representation of this method of control is shown 
in Fig. fb>r 'J'be valve 8  governs the supply of steam 1o a vessel 

* whose tenpxxaiiire-deviation 0 from the correct valuta is indicated 
by the position of the arm ..[, The value ol' 0 is to Ik; kept as small 
as possible. Tfip value $  (f) depends on ihe setting: of the valve 8  
at Lime d atid (.lie equation expressing the 1 law of control becomes

— 8  (/) -  n , 0 {(.) -|- « fe 0 (t) ;■ u, § (i) . . (5)

The valve 8  should be moved Antoniatieally so that .8 (l) satisfies 
this equation, fn Pig. So Jet x be the freight of l lie lower end H o f 
a rod hanging fmm the arm A above its position wfren 0 -  0. and 
suppose a is proportional fo 0 . Let y be the height of ;i cylindrical 
vessel ltd above some arbilrary level, this height, being msde pro 
portfbnal to the value of -  8  {J.) by moans of -,l connection to the 
valve S  throngm a caul as shown. A similar vessel TT, is placed so 
that the contact V cun touch, the .surface of the liquid in lb,- The 
liquid in Ify passe* through a siphon pipe* fmm an intermediate point 
Q of which a  branch pipe is led to a dish _D_ of large crbsu-seetion 
CompEired witli those of Wx and so that changes of level 
liquid in 1) can be neglected, This level is adjusted to be 
V when 0 0,

1 5 9
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If the mechanism M,  actuated by the contact at t7, causes 8  
(and so JK j to be moved in such a way that the liquid surface in W\ 
is kept just in contact, with U, then if the cross-sect ions of Th, and 

 ̂ arc (ft and Cft, and the resistances of the pipes from Q to />, lf,JL 
and W± are K, i\ a n d f a respectively, then it follows from the equations 
of motion and continuity of the liquid that

V =  ( j—fj jjP  +  | (i® H“ l̂) f'\ “h +  ra) f't | #

-I-1 R  (*'i +  *jj 4- * i * 2 1- C%®] * ■ (®)

This equation satisfies the “ law of control.” being of the same 
form, since x arui y are respectively proportional to 0 (l) &ud — ft (f).

Thus, if contact of the surface of the liquid in Wft with U is main­
tained as 0 varies, a law of control of the desired form is obtained. 
This means that the controlling mechanism only arts at any instant 
in proportion to the amount of deviation from the set temperature.

The curves relating deviation with time will, after a thermal 
disturbance of the system, show n gradual return 1o the noriml 
temperature without continued oscillation.

This form of the “ control law ” may be extended a stage farther,8 
An auxiliary variable 3 (f). related to 0 (f) by the equation

Z[ t ) -  Bvz{i) B t O m + M i W )  

can be introduced into the equation.
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TThe hiw is llieji expressed in the form

-  c  [ i  -f T )  =  *i, *  { t )  i -  ^  ®(/) 4 %  %  f() . . (g|

riii^ [aw reduces to the former control W  (2) if 8 , -  1 or B x^  4 t 
®s' remaSiiing finite ; but in 1 he ghs$  under eorifliderat-inn f}.± >  L 

lo  apply this law in practice. flic principle of the control can 
he mpfitj^ted dmgralhiitaibc&lly as before. in Fig, 86 the displacement 
■■'■ (i) of the indicating am i j-1 indicates the deviation From the set 
temperature* and so is proportional t.o 0 {/■). Tlia contra! law (6) 
wit] be attained if the same mechanical means of obtaining; the 
relation (2) is used. but flip displacement a? (t) is now made proportional 
mil to 0 (/) but to & (/}, related to 6 as explained. above,

.Lbg. sp shows the principle of an electrical means of attaining 
'conformity to the law.

arm of the tlicitpotiietB*, These two. components are the same as 
in Fig, So, In Fig. however, U was suspended directly from A ,  
so that ( he displacement a* of U was directly proportional to the 
temperat nre-ilevin 1-ion 0. 1 his direct mechanical connection is replaced
by a connection through the electrical circuit «hbwhf A  moving a  

■ctintact over a potentiom eter and U  being suspended from the 
indicating arm of a vnlLmotei I which measures the potential at the 
poim P  of the circuit fit] practice ® thermionic voltmeter is usually 
employed). . "

H h O  is the potential tapped off on the potentiometer. Vr the 
potential a t l\ and i the cm r rent in the direction indicated in the 
■diagram, we have

C , + , . ! / j fit \- r$ i - K  0.

161
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and

whence, eliminating i.

rf K

Kt> i

d/ i ) - 4 " + ( ' , . ) " ]  «
so that the voltmeter deflection :c„ which is proportional to Vt., satisfies 
a relation of l-he form (S).  The values of U t and f>.„ in (2} call ho 
adjusted by choice of scales and of r,u <J.., r r.]r

The remainder of file control appjjbt’a-biis, namely, that portion of 
it which gives the relation f i)  between z  and the cen trolling fmiction < . 
is the s a m e  a s  that. Fig. s s ,  with I he simplification that the vessel IT t 
could be moved directly from 8 t and W% opiitteiL A mechanical, 
hydraulic, or electrical method can be used h> obtain the relation (2), 
independently of the type of method used to obtain the relation (7).

Turner/ in order to determine the imdhematiea] relationship 
between the sensitive element and the heating element-, designed a 
special form of experimental oven, it comdsta of a metal cylinder 
of length jfj and cross-sectional area A . The '* slave cod, as he 
terms it. or heating element, and I be iL master coil " or sensitive 
element encireto this cylinder; flic slave coil ai the bottom being 
separated from the master coil by a distance l up the cylinder, The 
heating power l\  m the slave coil m controlled by the temporal mv 6  
of the masler coil. The rate of change of power input with tem ­
perature, nr control sensitivity, is a known variaide, When the control 
sensilivify is made large,  thermal oscillation take* place, due to the 
slave and master coils mutually affecting each other thermally. 
Analysis shows that if / or tH5G|lt thermal oscillation arises

I d  i '
when the control sensitivity per unit area of cross-sect ion,

is increased beyond a critical value 8 .  where 8  17 Ei K }lt or T")A'7.
respectively. In both eases the period of oscillation is

T  =
0 -o7  l 2 p c

where A is (lie thermal conductivity of Ihe material of the cylinder, 
P its density, and c  its specific heat.

As indicated jibove; Turner .analyses the condition where S  is

lust Coital to —
1 d F 1

, and does not consider the case where 8  is
A  d 6

iniii'h less than that value. In the latter case it is anticipated that 
tdie curves relating the thermal changes with time would be different 
in eharaetoi from, anil sharper than, those obtained when 8  in 
tn the value.
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Turner does rir.it- devote iimch attention Lo the amplitude of 
oscillation^ but considers "mainly the frequency of oscillation. tYom 
tiH^ferimeiits with his special oven ho concludes that large oscillation 
frequency and small oycil fetbn  amplitude go together.

Where the master and slave coils are intermingled retpdarly, a« 
in certain forms of thermostat fu rrin g , conditions defined by the 
equation - '15 K :!l (which applies in this case) produce the greatest 
control sensitivity. Turner states that to effect this and avoid 
^elt-osi'ilJnlion altogether, or, if ■osoillatiara. canned he avoided, to make 
i' as small ns possible, the master and slave colls should be in close 
juxtaposition find should he wound in good thermal eohtaet with a 
chamber of high conductivity. Kjp e. which is the diflfusivity of the 
material, should be as largo ms possible.

The effect of the thickness of the wall old be chamber on penetration, 
hy i he hunting oscillation is expressed by the ratio between file 
amplitude? at the two surfaces of the Willi, which ratio is

i h I  co
3 J ^ Y V

uberc ft is the wall thickness cq/ibs is the Inmfing frequency, and 
a — h'/ff thp diffiasivity of the material,

A thick wall is therefore desirable. for two reasons : i.o reduce 
hunting,’ and lo reduce temperature-gradients along: the walls. 

Turner considers that hunting is necessarily present if tha heat 
supply is controlled in discrete quantities, and Is also present when 
n continuous relation exists between tempera turn and heat; supply, 
provided the consul sensitivity exceeds a certain critical value, 
khui is, stability pi i&itlfrol is net ileceyaarily iinprayed metely by 

increasing the sensitivity of the fempepntiuv-sciisitive device. (The 
natural limit lo the sensitivity ol all measuring processes Jims been 
analysed by Barney and SiIvei/manA)

It may be said heie in brief that tile necesHarv qualities of auto­
matic temperature are Stability, reliability, and senailiveness, in. the 
prder named. A sens!rive control which bunts is of uo use, wbilsl 
a sensitive and stable control which i.s not relfable is also of little 
value.

Turner assesses the specific effectiveness of the therm os tat hv a 
figure of merit, represented, by the ratio between the change in 
temperature of the furnace enclosure if there were no thermostatic 
control, and the change of temperature which do& a necur with thermo 
-ratio control. He assumes that two factor*. only, affect the constancy 
of temperature, viz. change of ambient temperature, and. elcct.rleal 
power-supply variation, AGBiruling steady omul die us, Lh.e figure of 
merit
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where JS\ is n constant related to the power em itted from the furnace- 
(by conduotioui convection, and rad i a lion), A  ̂ (0 - <p) is the value
of th  is ]lower when 0 in the furnace temperature and tp the ambient 
temiwnilure, and

where P, is the healing power in the slave boil (i.a* continued by the 
pnastev coil).

It is deduced that the higher the temperature of the furnace the 
easier if is to obtain n large figure of m e r it ; and further* that the 
attainm ent of a large figure of merit is no I dependent on the provision 
of good thermal insulation between the furnace and its surroundings 
The advantage accruing from insulating the furnace appears to lie 
in the red nation of power required to maintain the desired, fum aca 
temperature.

fvartoff * obtains numerically the J'repnencicH, dampings arid 
amplitude?, etc. <jf particular cases; and deduces a u law of response ” 
to  the controlling mechanism, A regularly-repeated, disturbance is 
introduced in order to give a  basic periodicity to which |PouricrTs 
analysis is applied. Ivanoil introduces the term "  potential tem ­
perature,^ defined as : the lim bing value of the hmiperatime-c hange 
which the plant [meaning torn pend.ure-controlled system] tends to 
attain for a given alteration in the position of the controls >f ; the 
“ controls ” being fuel valves, damper^ etc.

lie  discusses the' oscillations of temperature —potential ns well as 
actual or recorded temperatures --which are produced when the 
sensitivity of the controller in increased to a point where a periodic 
oscillation of sinusoidal form occurs. ICqnations arc derived to express 
the conditions for stability for "  on-and-ofi,” proportional, and floating 
methods of control,

IvanojS likens time-lag to the action which occurs when beat 
flows i ido a Komi-infinite solid. If ike temperature of a control 
mechanism ai I he surface or 1:1m solid is made to  very periodically 
SO that

where 6 is the base of natural logarithms and 0  a l ime iridicatijii 11

6 A  shi( m t,

per in 11 of osculation’ 

then the recorded temperature is

A  eJ _ ‘fV'wl siti {ml — Vcm),
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Further references9 to diMonsyimiH on the o b je c t  of the theor 
retina] foundatiom  pf tempera ture-control ure listed below.

References to Appendix.

{!) JjAXft, rA , T ech . Fhy& ik, li)33, 14, 9S,
(2) A .3 .M .& ,  LOUS. GO, 327.
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There are few industries to-day in which Indication and contro l 
of tem perature do riot play an im portan t part.

The Brit ish Roto thertn  Co., Ltd., specialises in the manufacture 
o f bi-metallic,, rigid stem, dial type therm om eters for1 all purposes 
where temperatures between minus 60' F, nnd 1,000 F, arc required. 
‘They can be supplied fo r Co-Axial, Vertical o r Flange type mounting 
and can be fitted w ith  adjustable electrical contacts to  operate 
through relays where tem perature con trc l i:; required,

----------------------------------------------------------------------------------------------------------------------------------------------------— X

An interesting ins trum ent is the Brit ish f to to t l ie rm  C o . ’s 
Rotostai. (see diagram below) wnicb, while  nci giving visual indica­

t ion o f temperature, has been designed to 
provide a useful adjustable thermostat for 
giving warning when dangerous rises in 
tem perature occur. This warn ing may be 
given by the operation o f lights o r bells 
When the praadj usL îd setting ooim. on the 
Kotostat is reached.

Rubber Pio'.ecTlon SkuTvi, 
Pr-ctcciiani Cap.
Contact [Meet..
Fivot Contact Pin.
Setting PUiii.
Dial.
Siting Scteva.
S / 3-t L-1II Siinfl.
R.otoLb'er'ri B-i-rrhc-wl lif ?. lemem.
Knurled Ring
Fined Tern n,11 Screw.
FiHtci Co-rUn CL.
Body af ftocostie.
Moving tofiCaCL 
rimer item.
|.|cmr,.,. Holder.
Outer Stem.

1
7.
i
4
5 
fi 
7 
3 
9

1C
11
12

H
is 
1 (• 
17

The OrifFsS fiffleiherm Ca, 
rrl'J'iJfJ'i7;[ur,-- Drstniljtfi 

Routing T hM .,n::n jt-[eri of 
jhc Yi/pbur m s i u K  tma 
Mercury Eype?. if yvit e r r  
Mtorcjited in t^rtjp^uMirc 
r-Li.ioiuiLTi end eiomrfll, reur 
rnnmVitr =r<: invifrJ.

Rofofherm
T E M f E i i i m i i i e  O A U G t s

Tlie British Roto slier m Co,, Ltd., Loadoit and fruvinces.
Sffowrooms ' 7e, Lower Belgmve Street. Victoria, S.W. I. 'Fhnne : Sloanc 1909.
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